Background
==========

Heavy metals, especially copper, nickel, lead and zinc, have adverse effects on terrestrial and in aquatic environments. However, their impact can vary depending of the nature of organisms \[[@B1], [@B2]\]. Taking into account the ability of heavy metals to accumulate in sediments, extended knowledge of their effects on aquatic biota is needed \[[@B3]\]. In this context the use of model organisms, which allow for rapid assessment of pollutants in freshwater, can be of advantage. *Chlamydomonas reinhardtii* has been shown to be one of those especially suited organisms for different kinds of studies \[[@B4], [@B5]\]. Previous investigations showed *C. reinhardtii* to be sensitive to copper, nickel and zinc \[[@B6],[@B7],[@B8],[@B9]\]. Although, most studies concentrated on the impacts on growth rates and ultrastructure. The photosynthetic apparatus in *C. reinhardtii* was shown to be highly vulnerable to toxic substances thus making it a suitable parameter for toxicity estimation \[[@B10],[@B11],[@B12]\]. Motility has been shown to be one of the possible physiological markers for toxicity assessment using *Euglena gracilis* \[[@B13]\]. The aim of this study was to carry out comprehensive experiments in order to investigate effects of different concentrations of copper, nickel, lead and zinc on the photosynthetic efficiency and motility of *C. reinhardtii*. As an additional test substance pentachlorophenol was used to its previous use as a bleaching agent at pulp and paper factories in Sweden thus making it to a spread contaminant in some areas.

Results and Discussion
======================

The photosynthetic response curve (PRC) of the control was characterised by an increase in oxygen evolution according to the increase in PFD up to 612 μmol m^-2^ s^-1^ (the highest PFD-value used in the experiments) and a decrease in oxygen evolution due to the inhibition of photosynthesis when PFD became constant (612 μmol m^-2^ s^-1^, Fig. [1a](#F1){ref-type="fig"}). A peak of higher respiration immediately after the cessation of illumination can be explained by the light-enhanced dark respiration (LEDR, the rate of change of oxygen consumption - an acceleration), which contributed to the basal dark respiration. The behaviour of PRC is important evidence of how favourable the conditions are for photosynthesis \[[@B14]\]. The type of PRC described above was found in similar investigations to be typical in the green flagellate *Euglena gracilis* \[[@B15]\]. Similarly, this type of PRC can be considered as common in *C. reinhardtii*, too. At all treatments this basic type of PRC was observed. The stepwise drop in oxygen evolution at the maximum irradiance value in fig. [3a,b](#F3){ref-type="fig"} and fig. [5a,b](#F5){ref-type="fig"} should be considered as an artefact specific to the Light Pipette model used (when the value of oxygen saturation in the cuvette exceeds 200 %, unpublished results of a methodical study). Increasing concentrations of copper led to decrease in maximum values of oxygen evolution compared to the control, demonstrating especially severe impacts at the concentrations of 0.5 mg l^-1^ and higher (Fig. [1b,c,d,e,f](#F1){ref-type="fig"}). The treatments with nickel, lead or zinc did not caused such strong inhibitory effects as in the case of copper. Moreover, in the case of nickel (Fig. [2](#F2){ref-type="fig"}) maximum values of oxygen evolution were higher than those in the control and no inhibition of photosynthesis was observed when the PFD became constant (612 μmol m^-2^ s^-1^). Increasing concentrations of nickel seemed to be stimulative based on the shape of PRCs. Only slight inhibition of photosynthesis at the constant maximal PFD values was detected in the cases of lead or zinc treatments (Figs. [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, respectively) and maximum values of oxygen evolution were equal to or higher than in the control. The treatment with pentachlorophenol led to prolongated compensation points at lower concentrations (0.1 and 0.5 mg l^-1^) and to severe impacts on photosynthesis at concentrations of 1.0 mg l^-1^ and higher (Fig. [5](#F5){ref-type="fig"}) comparable to those caused by copper treatments.

![**The dependence of photosynthetic response curves in *C. reinhardtii* to different concentrations of copper (mg l^-1^) after 24 h exposure:** a) control, b) 0.1, c) 0.5, d) 1.0, e) 1.5, f) 2.0. Thick solid line - oxygen evolution, thin dashed line - light evolution.](1472-6785-1-1-1){#F1}

![**The dependence of photosynthetic response curves in *C. reinhardtii* to different concentrations of nickel (mg l^-1^) after 24 h exposure:** a) 0.1, b) 0.5, c) 1.0, d) 1.5, e) 2.0. Thick solid line - oxygen evolution, thin dashed line - light evolution.](1472-6785-1-1-2){#F2}

![**The dependence of photosynthetic response curves in *C. reinhardtii* to different concentrations of lead (mg l^-1^) after 24 h exposure:** a) 0.1, b) 0.5, c) 1.0, d) 1.5, e) 2.0. Thick solid line - oxygen evolution, thin dashed line - light evolution.](1472-6785-1-1-3){#F3}

![**The dependence of photosynthetic response curves in *C. reinhardtii* to different concentrations of zinc (mg l^-1^) after 24 h exposure**: a) 0.1, b) 0.5, c) 1.0, d) 1.5, e) 2.0. Thick solid line - oxygen evolution, thin dashed line - light evolution.](1472-6785-1-1-4){#F4}

![**The dependence of photosynthetic response curves in *C. reinhardtii* to different concentrations of pentachlorophenol (mg l^-1^) after 24 h exposure:** a) 0.1, b) 0.5, c) 1.0, d) 5.0, e) 10.0. Thick solid line - oxygen evolution, thin dashed line - light evolution.](1472-6785-1-1-5){#F5}

Because of often similar behaviour of PRCs, such parameters as photosynthetic efficiency (PE) and compensation point (CP) became important when comparing how favourable conditions for photosynthesis are after different treatments studied. PE measured as slope coefficients showed negative correlation with increasing concentrations of copper, zinc and pentachlorophenol (Tab. [1](#T1){ref-type="table"}). While the decrease in PE could be predicted from the behaviour of PRCs by treatments with copper and pentachlorophenol, negative effects of increasing concentrations of zinc were not so obvious where all values of PE exceeded those of the control. Increasing concentrations of nickel and lead correlated positively with PE in *C. reinhardtii*. Thereby, in case of nickel all coefficients were higher than that in the control while in case of lead coefficients both below and above that in the control were observed.

###### 

Effects of different concentrations of heavy metals and pentachlorophenol (Pent.) on the photosynthetic efficiency (slope coefficients) of *C. reinhardtii* after 24 h exposure.

  Concentration,   Substances                             
  ---------------- ------------ ------- ------- --------- ---------
  0.0              0.140        0.140   0.140   0.140     0.140
  0.1              0.131        0.232   0.150   0.224     0.098
  0.5              0.055        0.228   0.133   0.153     0.090
  1.0              0.015        0.251   0.138   0.180     0.002
  1.5              0.026        0.267   0.176   0.174     
  2.0              0.047        0.244   0.160   0.165     
  5.0                                                     0.014
  10.0                                                    0.014
  ***R***          \- 0.66      0.64    0.60    \- 0.54   \- 0.83

*R* - coefficient of correlation between increasing concentrations of the substances tested and the photosynthetic efficiency.

The capacity of copper to inhibit photosynthesis has been reported previously for some algae \[[@B16], [@B17]\]. Inhibition capacity of nickel, lead and zinc on different physiological parameters and photosynthesis in algae have been detected in earlier studies \[[@B9], [@B18],[@B19],[@B20],[@B21],[@B22],[@B23]\]. Pentachlorophenol has been shown to be a severe environmental poison \[[@B24]\]. Based on the PE, our results let us conclude copper and pentachlorophenol to be especially toxic to the photosynthetic apparatus in *C. reinhardtii*. These results are in good agreement with the high inhibition capacity of copper to *C. reinhardtii* reported in other studies \[[@B7], [@B9], [@B11], [@B25]\]. Nickel and lead can be concluded to have stimulatory effects on the PE in *C. reinhardtii*. This fact can be explained by a possible short-term stimulatory effect of some usually toxic substances reported for some unicellular algae. This effect depends both on the nature of organism and of the exposure duration \[[@B26], [@B27]\].

Positive correlations were detected between CPs and increasing concentrations of copper, lead, zinc and pentachlorophenol (Tab. [2](#T2){ref-type="table"}). In the cases of lead, zinc and pentachlorophenol, CPs were lower than in the control. When exposed to a stress, organism may need higher light intensity to reach the CP \[[@B14]\]. However, this trend is widely general and should be considered rather as a rule of thumb \[[@B15]\]. As pointed out by Ögren and Evans \[[@B14]\], both PE and CP are valuable indicators of how favourable conditions for photosynthesis are. On the other hand, it is not clear how efficient these parameters are when assessing the capacity to photosynthesise. Our previous results obtained on *E. gracilis* showed that discrepancies between trends in PE (measured as slope coefficients) and CPs could occur quite often \[[@B15]\]. Thus the question which parameter should be considered as more efficient still remains open. Our current opinion is that the PE provides more relevant information about the physiological state of the photosynthetic apparatus. However, more research is highly desirable to solve this question.

###### 

Effects of different concentrations of heavy metals and pentachlorophenol (Pent.) on the compensation points (CP, μmol m^-2^ s^-1^) of photosynthesis in *C. reinhardtii* after 24 h exposure.

  Concentration,   Substances                       
  ---------------- ------------ ----- ------ ------ -----
  0.0              118          118   118    118    118
  0.1              162          126   61     88     19
  0.5              366          165   48     85     48
  1.0              579          132   48     98     29
  1.5              579          192   38     83     
  2.0              579          105   98     108    
  5.0                                               21
  10.0                                              31
  ***R***          0.87               0.45   0.58   

*R* - coefficient of correlation between increasing concentrations of the substances tested and the CPs. Absolute values of *R* below 0.15 are not shown.

The calculated motility values showed high variance (Tab. [3](#T3){ref-type="table"}). Only at the concentrations of pentachlorophenol of 5.0 and 10.0 mg l^-1^ the differences were significantly different (*t*-test). Hence, we do not consider motility in *C. reinhardtii* as a reliable parameter for toxicity testing. This is in disagreement with a general proposal of Häder *et al.* \[[@B13]\] to use motility as a valuable parameter in bioassays.

###### 

Effects of different concentrations of heavy metals and pentachlorophenol (Pent.) on the cell motility (m s^-1^) of *C. reinhardtii* after 24 h exposure.

  Concentration,   Substances                                              
  ---------------- ------------- ------------- ------------- ------------- -------------
  0.0              46.6 ± 34.9   46.6 ± 34.9   46.6 ± 34.9   46.6 ± 34.9   46.6 ± 34.9
  0.1              26.6 ± 18.7   26.3 ± 17.8   33.1 ± 22.1   26.5 ± 16.6   52.1 ± 49.9
  0.5              31.2 ± 26.3   31.2 ± 27.4   33.9 ± 21.5   27.8 ± 19.3   56.7 ± 41.9
  1.0              25.4 ± 12.8   27.0 ± 18.6   40.0 ± 33.8   34.0 ± 24.5   53.1 ± 36.7
  1.5              34.0 ± 25.5   32.2 ± 24.4   47.4 ± 38.7   29.3 ± 22.2   
  2.0              28.9 ± 20.6   37.1 ± 28.3   46.4 ± 34.9   35.1 ± 26.1   
  5.0                                                                      0
  10.0                                                                     0

Values of standard deviation are shown.

Conclusions
===========

Copper and pentachlorophenol turned out to be especially toxic for PE in *C. reinhardtii*. Zinc has been concluded to be moderately toxic while nickel and lead had stimulatory effects on the PE. Because of high variance, motility was not considered a reliable physiological parameter when assessing toxicity of the substances using *C. reinhardtii*.

Material and methods
====================

One-week old cultures of *C. reinhardtii* (strain 137c mt+, Stefan Falk, Mid Sweden University, Östersund, Sweden) were used in the experiments. The strain has been grown for many years by the mentioned researcher and has been previously isolated from an intact site (no pollution). Algae were in the exponential growth phase when the experiments were started. Starting density of the cells was held at 10,000 cells ml^-1^. Freshwater medium described by Checcucci et al. \[[@B28]\] was used for cultures. The cells of *C. reinhardtii* were grown in 100 ml Erlenmeyer glass flasks at 20°C in a cultivation cabinet (Termax Klimatskåp, 6395 F/FL, Ninolab AB). The light/dark cycle was 16 h/8 h with an irradiance of 70 μmol m^-2^ s^-1^ (400-700 nm). The cells were exposed for 24 h to heavy metals as Cu^2+^, Ni^2+^, Pb^2+^ and Zn^2+^ at the concentrations of 0.1, 0.5, 1.0, 1.5 and 2.0 mg l^-1^, respectively. Pentachlorophenol concentrations were 0.1, 0.5, 1.0, 5.0 and 10.0 mg l^-1^.

For each concentration studied the measurements were repeated three times and the mean values from the three replicates were calculated. Photosynthesis and respiration were measured as the rate of oxygen evolution/consumption per gram (g) chlorophyll and time (s^-1^) with a Light Pipette (Brammer, Illuminova, Uppsala, Sweden). The instrument consists of a light source that is connected to a cuvette with a micro-oxygen electrode (MI-730, Microelectrodes, Inc., 298 Rockingham Rd., Londonderry, NI), a quantum sensor, a temperature-controlled water bath and a computer. The light source provides precise photon flux density (PFD) of 0 to 3500 (μmol m^-2^ s^-1^). The rate of oxygen evolution was calculated on the basis of the ambient O~2~ concentration of 0.276 μmol ml^-1^, which in this investigation corresponds to 100%. Chlorophyll was estimated by extraction in 80% acetone solution and its absorbance was measured with a spectrophotometer (UV/VIS spectrometer Lambda Bio 20, PERKIN ELMER) at 652 nm. Chlorophyll content was measured according to the following equation:

Chl (mg ml^-1^) = A~652~/34.5,

where A~652~ corresponds to absorbance at 652 nm and 34.5 is the absorbance of 1 mg ml^-1^ Chl extracted in 80% acetone.

The cells of *C. reinhardtii* were placed in the cuvette and each measurement of oxygen evolution/consumption lasted for 20 min at 20°C. The photon flux density (PFD) provided by the light source continuously increased during 9 min from 0 up to 612 μmol m^-2^ s^-1^, remained unchanged for 6 min and was then turned off (darkness) for 5 min (Figure [1a](#F1){ref-type="fig"}). Measuring oxygen evolution for 20 min produced 600 measuring points at a rate of 5 Hz and every point represented the average of five subsamples. The photosynthetic efficiency (PE, the increase in photosynthetic rate vs. time immediately after illumination) was calculated as the slope coefficients of the photosynthetic curves between 20 and 500 μmol m^-2^s^-1^. The slope of the photosynthesis-irradiance curve is proportional to the maximum quantum yield of photosynthesis \[[@B29]\]. It means that a quicker increase in oxygen evolution would result in a higher coefficient.

A compound microscope Nikon Optiphot connected to a video CCD Camera Ikegami ICD-44L (Ikegami Tsushinki Co., Ltd., Japan) was used to study the motility of *C. reinhardtii*. The image was translated to a PC. All calculations were processed with Motile System V. 1.7 (motility) software developed by D.-P. Häder and K. Vogel, Erlangen, Germany \[[@B13]\]. The motility was measured in term of μm s^-1^. An average value from 2000 measurements was calculated in each measurement. All statistical analyses were performed in the computer package Minitab 11.0.
